Crystalline solid solutions have the potential to afford tunable materials for pharmaceutical and technological applications. Unfortunately, these poorly understood phases are difficult to obtain and, hence, to study. In fact, commonly accepted empirical rules prescribe that only molecules of similar size and electron distribution are mutually soluble in the solid state. Here, despite the evident structural and electronic differences, the enantiomers of malic acid and tartaric acid are crystallized together in variable stoichiometric ratio to produce both cocrystals and solid solutions. In some cases, physical mixtures are observed. The composition and polymorphism of the crystalline products is explained by DFT-d molecular substitution calculations for the cocrystallized molecules in different (known) structures. At the same time, from a crystal
2 engineering perspective, the behavior of this complex system is rationalized thanks to the existence of intermediate cocrystal forms that merge the structural features of the pure molecular components.
Introduction:
In the past decades, chemists have pursued the idea of engineering crystal structures with predictable properties. [1] [2] [3] [4] Such crystals have potential uses as chemical intermediates in synthesis (topochemical reactions) and separation processes, or as products in pharmaceutical or material sciences.
The most successful approach in crystal engineering involves the rationalization and exploitation of supramolecular forces to co-crystallize multiple molecular species in a stoichiometric ratio: supramolecular compounds. [5] [6] [7] [8] [9] [10] Ideally, a virtually infinite library of neutral and ionic species, which can be used as chemical building blocks, would enable the realization of crystal structures with the desired properties. On the other hand, the finite (discrete) differences in size, shape and charge between those building blocks might limit the degree of control over such phases.
Alternatively, crystalline materials can be "engineered" by preparing multicomponent crystals of variable stoichiometry: solid solutions. These phases are the crystalline counterpart of liquid solutions. 11 Hence, as for liquid solutions, their stoichiometry is not limited to an integer or rational number but it can be varied in continuum (at least within certain limits). In this sense, 3 stoichiometric control is the key for a fine and predictable modification of structures and properties.
Solid solutions of salts have been systematically investigated since the second half of 19 th century. [12] [13] [14] Around the same time the first examples of organic solid solutions have also been reported. 15, 16 Recently, solid solutions of molecular and network crystals have been receiving growing attention. [17] [18] [19] [20] [21] [22] For example, we have shown that these phases can enable fine-tuning of unit cell metrics, 23 polymorphism, 24 thermal stability 25 and mechanical response to stimuli 26 in molecular and network crystals. Unfortunately, solubility in the solid state is relatively rare.
Indeed crystallization is regarded as a purification technique to afford either pure substances or supramolecular adducts (cocrystals) and the existence of stable stoichiometric compounds is generally regarded as the nemesis of solid solutions.
The limited solid-state solubility of molecules represents a major limitation to the development of new solid solutions. To date there are no exact recipes to predict whether two molecules are mutually miscible in a solid. The concepts of isomorphicity and isostructurality have been used as empirical guidelines to identify potential solid solutions. 27 , 28 Kitaigorodskii observed that molecules or ions are likely to form a solid solution if they are similar in structure and size, as well as electronically. 29 For example, solubility is expected between chloride and bromide molecular analogues. In contrast, hydrogen/hydroxyl substituted pair of molecules tend to be less miscible because the OH group is generally involved in a H-bond that is precluded to the unsubstituted molecule.
It has been shown that solid-state solubility of two molecules can be enhanced by the use of a third component that behaves as a "solid solvent". 30 Within the crystal, the third component can 4 co-dissolve with the other species in a homogeneous three-component solid solution 31 or it can act as a coformer in a cocrystal, while the other components mutually substitute each other. The latter case has been referred to as a cocrystal solid solution. 32 Perhaps earlier examples of this type of materials are represented by enantiomeric systems 33, 34 and inclusion compounds. 35 More recently pharmaceutical 28, 32, 34 and porous 36 cocrystal solid solutions have also been reported.
Cocrystal solid solutions could be particularly advantageous in crystal engineering since variable stoichiometry introduces further complexity to multicomponent crystals. 37, 38 Hence the structural and chemical diversity that is typical of supramolecular cocrystals can be combined with the potential for fine-tuning that is proper of solid solutions. On the other hand, there are cases in which multicomponent phases need to be avoided. For example, when partial solvation or hydration is the undesired consequence of recrystallization or exposure to atmospheric water vapours, 39, 40 or when the formation of a multicomponent crystal prevents molecular separation and chiral resolution. 41 For all these reasons, a deeper understanding of these phases is critical.
Malic and tartaric acids are chiral dicarboxylic acids largely used by the food and pharmaceutical industries as excipients, preservatives or as regulators in fermentation processes. 42 They also have physiological activity being involved in the muscles metabolism.
The two molecules are structurally related. L-tartaric acid (L-t) can be seen as a derivative of Dmalic acid (D-m) in which one hydrogen atom has been substituted by a hydroxyl group. D-m acid has one chiral centre (absolute configuration R) whilst L-t has two chiral centres of (absolute configuration R,R). For simplicity, D-m and L-t acid can be seen as "homochiral" (R) molecule whilst L-malic acid (L-m) and D-tartaric acid (D-t) are the (S) mirror images ( figure   1 ). A meso-isomer of tartaric acid also exists that will not be discussed here. 51 Notably form I of the cocrystal is isosotructural to the DL-tartaric acid racemate (ZZZDUI01) whilst form III is isostructural to the DL-malic acid form α (DLMALC). Furthermore Jones described how mechanochemical cocrystallization of malic and tartaric acid racemates can be exploited for chiral resolution. 51 Together, the D-and L-enantiomers of malic and tartaric acids constitute a four-component system known to produce racemates, cocrystals, polymorphs and solvates. Such diversity makes this system particularly interesting from the crystallographic and crystal engineering point of view. Here malic and tartaric acids are further investigated with the aim of producing solid solutions. For clarity, we will refer to the various solid phases in this paper by their CSD refcodes (table 1) .
Results:

A.1. L-malic:D-tartaric acid ("homochiral" solid solutions)
The grinding of L-m, one chiral centre (S), with a small amount of D-t, two chiral centres (S,S), in the presence of a drop of ethanol produces a white microcrystalline powder. PXRD
shows that the Braggs' peaks of the enantiopure malic acid structure (COFRUK10 phase) shift regularly to lower 2θ values (larger unit cell) as the ratio of tartaric acid increases until the For pure L-m, the COFRUK10 structure is the most stable. For 1:1 L-m:D-t, the COFRUK10 structure is the most stable phase as an ordered 1:1 cocrystal but the TARTAC structure for the same composition is only 0.2 kJ/mol above in energy. For 0:1 composition, the TARTAC 9 structure is the most stable. This is in good agreement with the outcome of the grinding experiments. We notice, however, that the physical mixture of enatiomerically pure phases at 1:1 composition is predicted to be slightly more stable than the ordered cocrystal by 1.8 kJ/mol. This energy difference is small and may be compensated by entropic factors, especially if disorder is present. Currently, however, the computation of such effects is non-trivial and it is excluded from the energy calculations.
A.2. L-malic:D-malic acid (enantiopure crystals, scalemic solid solutions and racemates)
Two Recrystallization of the racemic powder affords quality single crystals. SXRD analysis reveals that they are isometric to form α and structure refinement indicates that both D-and L-malic acid molecules are disordered over two positions with equal occupancy, hence resulting in a centrosymmetric C2/c structure. The quality of the data did not allow establishing whether the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 stable one closely followed by form α. Hence, DFT calculations correctly predict the observed change in the rank of stability from enantiopure to α and to β forms, as the racemic composition is reached. Moreover, by assuming an ideal (linear) relationship between composition and energy for each form at non-stoichiometric composition (dashed lines in figure 3 ), a qualitative estimate of the stability window for each crystal form can be inferred. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15
A.3. L-malic:L-tartaric acid and D-tartaric:L-tartaric acid ("heterochiral
The two enantiomeric pairs can also be mixed together in a four-component system. The L-m has one chiral centre of (S) configuration whilst D-t has two chiral centres of (S,S)
configurations. The different number of hydroxyl groups in these compounds is sufficient to determine different H-bond motifs and packing in the (known) crystal forms of the pure substances. Hence, the complete solubility observed in this study contrasts with the principle of isomorphicity 27,28 and Kitaigorodskii's rules for solid solutions. 29 At the same time, the two molecules form a stable 1:1 cocrystal that could be responsible for the observed mutual 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 the same because the disorder occurs on different coformers. Then two series of solid solutions are produced alongside to the three malic acid:tartaric acid cocrystal forms and the malic acid and tartaric acid racemates (figure 6). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 dimensions whereas in the other structures H-bonds extend also in the direction perpendicular to the plane. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   20 an Anton-Paar TK400 stage. All the samples were scanned between 5 and 30° (2θ) under a 1 ml/min stream of N 2 .
Single crystal growth and analysis: recrystallization of selected powders was attempted by dissolving few milligrams (a small spatula) of the mechanochemical products in ethanol and letting the solvent slowly evaporating in air (over 3 to 4 days). Single crystals were analysed at room temperature by single crystal X-ray diffraction on a Bruker Quest diffractometer equipped either with a sealed tube Mo generator (λ Kα = 0.71073 Å) and Photon 100 CMOS detector or a microfocus Cu generator (λ Kα = 1.54178 Å) and a Photon II CMOS detector at room temperature. Data were integrated with SAINT 8.37A and corrected for absorption using empirical methods (SADABS) 53 based upon symmetry-equivalent reflections combined with measurements at different azimuthal angles. Crystal structures were solved and refined against all F 2 values using the SHELXTL 2013/1 54 through the XSEED interface. 55 In the disordered structures, the occupancy of hydroxyl groups were expressed in terms of a 'free variable'. Nonhydrogen atoms were refined anisotropically and hydrogen atoms were placed in calculated positions, either refined using idealized geometries (riding model) or distance constrains, and assigned fixed isotropic displacement parameters.
Computational Methods: Crystal structures of all pure systems were retrieved from the Cambridge Structural Database, 43 their refcodes are summarised in table 1. In addition, the structure of the new L-malic:L-tartaric acid cocrystal reported in this study was also studied. In total, eight different crystal structures were considered (ZZZDUI01/NIVYOG, DLMALC11, DLMALC, COFRUK10, TARTAC, TARTAC24, NIVYOG01 and the new cocrystal phase).
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The molecular structures in the crystal structures above were then modified as required in . We refer to this as substitution calculations since the crystal structure is the same but the model is generated by substituting molecular models. This 48 generated models were then geometry optimised using the plane wave code VASP 63 The Brillouin zone was sampled using the Monkhorst-Pack approximation 64 and a variety of k-point grids with increasing number of kpoints until the form energies converged. Structural relaxations were halted when the calculated force on every atom was less than 0.003 eV Å -1 . A single molecule (for each of the molecular models) was optimised in the gas-phase using a fixed large super-cell. The lattice energy of the models were calculated by subtracting the electronic energy of a single molecule in the gas-phase from the electronic energy of a single molecule in the given crystal structure.
Conclusions:
This The solid solutions reported here are observed despite the different molecular structure and the crystal forms of the pure compounds, which contradicts the empirical rules for solid-state solubility. Molecular substitution calculations in the various crystal structures involved were found to be a good mean of rationalising the solid solutions. In all cases, the most stable phase was produced.
Hence this work demonstrates that, at least in this case i) commonly used empirical rules for solid state solubility may be too rigid; ii) molecular substitution calculations in the crystal structures of the compounds can help predicting the product of crystallisation for stoichiometric and non-stoichiometric phases, at least when entropic factors are not critical.
From a crystal engineering perspective, the observed solid solutions can be rationalized through the existence of stable 1:1 cocrystal forms that bridges the structures and the interaction 
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The mechanochemical co-crystallization of malic acid and tartaric acid affords solid solutions and cocrystalline solid solutions that seem to break the rules of isostructurality and
Kitaigorodskii guidelines for solid-state solubility. The new phases can be rationalized, not just in spite, but thanks to the existence of stable cocrystalline intermediates.
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